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ABSTRACT

Regional path calibration of seismic phases s strongly dependent upon the accuracy of hypocentral
locations of seismic events. In peneral, accurate locations and identification of seismic events bazed on
iravel tme studies require several stations surrounding each event, which is often difficult to achieve
especially for events of magnitude M, 4.5 or less with a very few regional observations. By analyzing
seismic events located in central Asia and Tibet, we find that seismic events move significantly away from
the EDR or ISC epicentral locations when they are constrained to depths determined by i
means. For the Tibetan experiment, 7 events' locations met the GT10 criteria (Yang and Romney, 1999)
and moved from the ISC epicenters significantly; one of them moved by several degrees. Variation from
the reference model within the regional distance also adds to these mislocations. Small earthquakes are
plentiful in the Indian sub-continent including its neighboring countries, thus rendering seismic monitoring
of the region  difficult. To this end, we have made literature survey of available crustal structures and
developed models which produce remarkable agreement for events recorded at Hyderabad (HYB) w
distances of up to 137 The model consists of two crustal layers with a P, velocity of §.0 kmfsec. This
mxde] produces detailed features observed in regional waveforms from events ocourring in the Pokhran
test site, central India and Koyna regions. We have also developed a velocity profile from the N'W India
to NIL using regional waveforms recorded at HYB and NIL from an earthquake that occurred near the
Pokhran test site on April 4, 1995, From the teleseismic depth phase (pF) analysis, we estimated the depth
of thiz event at 15 km, shallower than the 18,7 and 21 km depths reported in the REB and PDE bulletins
Jespectively,  'We used regional seismograms recorded st HYB to determine its focal mechanism
constraining its depth to the teleseismic estimate. Using this focal mechanism and event depth, we then
calibrated path towards NIL. This preliminary crustal model from the NW India to NIL consists of four
crustal layers; the upper most layer has a thickness of 7 km with velocity relatively lower than the Indian
shield region. It also includes a gradient in the upper mantle which helps to account for the strong P,
waves recorded at NIL. The model produces travel times for P, 8, Rayleigh and Love waves, including
the dispersion recorded in the Rayleigh waves. This model is then used to synthesize explosion
can be useful as they can later be used to calibrate upper-mantle paths toweards the NW India and Pakistan.
In general, we found that the depths of the events are shallower than the depths reported in the monthly
PDE/MSC bulletins and that the CMT solutions are not necessarily optimal in their depth estimates,
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Objectives: The principal objective of this paper &5 to present results of our on-going study on the path
calibration for the entire Indian subcontinent to provide model-based P-wave travel times in the region.
To accomplish this goal, it 15 necessary to establish a catalog of carthquakes with guantitative estimates
of uncertainties im their ground truth locations. In general, nuclear explosions {when announced) and
quarry blasts provide the best GT0 and GT2 locations respectively. It is, however, difficult to ascertain
uncertainties in ground truth locations for earthquakes, especially at low magndtude (M_< 4.5). For the
majority of low magnitude earthquakes, depths are often o constrained to their true depths and events
gre poorly located dus fo a poor azimothal coverage by recording stations.  An objective of this paper is
tor demonstrate the effects of errors in depth on the uncertainties of ground truth epicentral locations of
earthquakes in various pans of the world, particnlarly for earthquakes in the neighboring Tibetan Platea.
W shall alzo summarize briefly crustal wave guides developed in various pants of the Indian subcontinent
by local scientists and present an initial map showing the P, velocity variation and thicknesses of the Moho
discontinuity. So far, we have successfully developed crustal structure which can produce remarkahle
agreement for events recorded at Hyderabad (HYB) to distance of 12° covering the central India and
Koyna regions. This model for the Peninsular India was also modified to fit detailed features observed
in regional waveforms from events occurring in the Pokhran test site.  Results from these preliminary
studies are included in this report.

Research Issues: Unlike the former Soviet Union and the United States of America where calibration
shots are plentiful and events are available to a GT of 0 to 2 km accuracy, there are a few data in our
study region with similar precision except for the recent nuclear explosions in India and Pakistan in 1998
ind in India in 1974, In general, establishing ground tmeth epicentral locations for earthquakes is difficult
because the repienally varying crustal structure introduces crrors in the reference carth model which
together with the mis-identification of seismic phases shift the events from their true locations and depths.
To correctly assign ground truth uncertainty on events, especially those of the magnitude (M) below 5
which are also recorded by a very few ieleselsmic stations, it i1s first necessary fo establish the
consistencies in events declared to have GTx (where x is accuracy in km) accuracy based on the criteria
described at the plDC (Yang and Romney. 1999). It must be determined when an event (M, < 5} should
be located using either the regionalized model or the iaspei®l.

While for the large events located using teleseismic data, the error in depth causes only a made-off
in the origin time (Zhao and Helmberger, 1991), the small events appear o move significantly away from
the 1SC locations when they are located after establishing their depths and regional models. Thus,
knowing the depth well is important in establishing the ground truth locations. Mislocation of depths for
seismic events have been encountered in many regions of the world, for example in central Asia (Woods
et al., 1998), in the Hindu-Kush (Zhao and Helmberger, 1991; Saikia et al., 1996; Zha et al., 1997}, Egype
and the Western Mediterranean (Thio et al., 1999), and in northeast India (Saikia, Zhu and Helmberger,
1997}, In the following paragraphs, we cite further analysis of results from various studies lustrating that
depths for small events need to be determined before they are located to assign any ground truth accuracy.

Research Accomplished:

Crust-Mantle Strucrur mudicen Peningula:

We are continuing our literature survey of availalle crostal models published by various in-country
scientists in India (Gabriel and Kuo, 1966; Kaila er of., 1968, 1987; Bhattacharya, 1971; 1981; Dube et
al, 1973; Dube and Bhayana, 1974 and others) in various pants of the Indian Peninsula. These studies
are hased on the travel times of Pg, P* and Pn waves observed from shallow earthquakes with epicenters
in Himalaya, analysis of dispersion in surface waves, and deep seismic sounding (DS5) data.  We are in
the process of scanning these various profiles and making them available in the peophysical database.
These studies suggest that the thickness of the Moho varies between 40 and 45 km. The thickness of the
upper crust has a thickness of about 15 km (P-wave velocity reaching 6.3 kmjsec) and the lower crust
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aften consisting of two lavers of velocities 0.0-6.9 kinfs and 7.3-7.4 km/s. There are several other studies
extending towards the northeast India bevond the Indian Peninsula towards the east (Kaila gt al, 1992,
Kayal and Zhao, 1998; Mukhopadhyay and Krishne, 1991; Mukhopadhyay er al., 1997; Singh, 1987).
These studies also include refraction and wide-angle reflection data with profiles as long as 140 to 180
kit The path to the east includes the west Bengal basin, which starts west of Bangladesh and extends
o noctheast India. Within the basin structure, the refraction and wide-angle reflection data indicate
presence of prominent refractors (velocities 1.7-2.1 kimfs, 2.7-3.2 kmfs, 3.7-4.2 km/s and 4.6-5.3 kmys)
averlving the cryvstalline basement with a velocity of 5.8-6.2 kiy's.  In reneral, depth to the basement
increases from west i east with a maximuwm depth of arcund 10 (o 11 km at the extreme parts of the east-
west trending two profiles where data were collected (Kaila ef wl, 1992). The depth of the Moho
discontinuity 15 reported to be highly variable, say 36 o 26 km along one profile and 32 to0 34 km along
the ather profile.  The region where these profiles were mm is highly seismic and earthguakes occurring
in this region will have varations in the ravel times due to this type of variation in the crostal strocore.
Figure 1 shows a preliminary summary of these studies which show the variows cstimates of Pn velocities
and the thickness of the Moho interface across the Indian Peninsula.

Epiventral Locationy for Small Events (iMw=3) and Depth Accuracy:

Censral Asie: Figure 2 shows locations of 26 events for which depths were estimated using separate
modeling techniques, such az matching of the surface-wave amplinede, modeling of P, and surface-wave
selsmograms using regionalized velocity models, and modeling of telescismic depth phases (pP and sP)
using & crustal model appropriate for the source region.  Figure 3a shows a comparison of depths of thess
events determined from the independent modeling of the Py and teleseismic waves (Woods et al., 1993),
including the depths determined from a surface wave study (Fatton, 1998). Dr. A. Valeseo of Los Alamos
Matiomal Laboratory relocated 17 of these events using regional and teleseismic travel times and a regional
crustal madel tat was baged on Dr, Walter Mooney's model of central Asia for both fixed (those obtained
i our modeling studies) and free depths. Figure 3b shows relative shifts (A1) of these new relocated
epicenters from the EDR locations. For some events, for example svents 7 and 16, moved away
significantly from the EDR locations for the free depths.

Tiber: Figure 4 shows locations of 49 Tibetan earthquakes, relocated  using an effective method developed
by Zhu (19%E) which doss not require an aprior! velocity model. [t starts with a one-layer emstal model
and first P amrival timings recorded by stations of o local network like those deployed during the
PASSCAL experiments.  Figure 3a shows hand-picked timings used for P oand 5 waves plotied as &
Tumection of epicentral distances baged on the [SC source locations and onigin tmes. This data set consists
of 363 P picks and 267 8 picks, The Jarge scatier is mostly aftributable to the unreliable locations and
origin times of the ISC catalog, The scheme uvsed to relocate these svents 15 based an optimization
problem in which the Dest location is obtained by itecatively minimizing the root-mean-squared value of
the travel-time residuals (Zho, 1998). The crustal model is updated and svents are relocated until a global
minimum is found.  Figure 3b shows the travel times after relocation.  Of the 49 relocated events, 7
cvents (squares, Table 1) satisfy the criteria for GT10 events (Yang and Romoey, 1999) ie., they have
been recorded by at least 5 stations (actually = 3) within 3° and the largest azimuthal gaps between the
stations within 57 is less than 18(F. In Figure &, we compars depths of the ISC and relocated depths for
the events and shifts in their epicentral locations relative ta the 15C locations as a function of M, showing
that the cvents indeed moved by about 33 km, Two events which were poorly locited in the 18C bullatin
due o poar signal-to-noise ratio moved by more than 300 Jan from e 15C locations.  OF these tao, one
qualified a5 a GGT10 event and moved by abowt 630 km., 1SC located this event using & stations of which
5 stations were within an areay located at 9.5-10.5" away all Iying within an aximuthal aperture of 27
Actually the final iteration moved the cvent from the location 31L920°N lat and 94.465°E lon to 27.4°N
lat and 97.0°E lan, reducing the RME from 0.98z to 0.8le Adding the regional station: not enly incrensed
the number of the stations, they also improved the azimathal coverage, For 5 of the GTI0 events, the
I5C used picks from many stations distance ranging from 3% to all ranges.  Although these stations
provided good aximuthal coverage, relocations using augmented regional travel time picks and regionalized
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made] moved these events up to 20 km from the I15C locations.

Regional Seismogram Modeling

Coentral Indla: Our previous report (Saikiz et al, 1998) discusses modeling of regional ssismograms
recorded at HYR fram the Kowma repion in south westem India, To ferther calibrate the model towards
northern India, we applied regionzl modeling approach to the HYE waveform from an eanthguake (M, 5.8,
May 21, 1997) in contral India. This cvent was recorded at many telessismic stations. Before the path
calibration, we have successfully modeled the teleseismic vertical and radial P waves using the inversion
to retrigve source mechanizm including the depth of this cvent (Figure 7). We also used this depth o
invert the regional broadband seismograms at HYB Iocated &t a distance of 645 km (Figure &, shows
synthetics from both regional and teleseismic focal mechanism). Both solutions it the data, shown in the
upper seismograms, well, especially the 5 and surface waves. The regional solution praduces a hetter fit
to the P, waves. The calibrated model produces travel times of P, Rayleigh and Love waves consistent
with the recorded seizmograms.

Northwest India: We applied the same technigue to model the source parameters of an carthquake which
oocurred on April 4, 1995 (M, 4.3) near the Pokhran test site.  Although located 100 km from the teat siee,
thiz event is critical as it was recorded at both NIL in Pakistan and HYB. This is a small earthquake and
its teleseismic depth phases could only be seen after processing the broadband seismograms to the
equivalent WWSSN shor-period records (Figure 9. In thiz way, we identified four teleseismic stations
with observable depth phases (pF) which yielded a depth of 15 km, shallower than the [3C depth by 5 km
and BER depth by 3 km, Using this depth, we invered long-period HYD records (the only ssizmograms
available} to estimate its focal mechanism and seismic moment (Figure 10a). As in the case of May 21
event, we could make the P weak onsef times of Ravleigh and Love wave consistent with observations.

Poklran fo NIL: The next step was (o made] the regional seismoprams recorded at NIL. Unlike the
explosion data at NIL, this carfhquakes produced surface wave dispersion and some aspects of thess surface
waves modivated us to adjust the central Tndia crustal model, The model that we have developed has a
7 km thick layer with lower surface wave velocities for T and 8 waves, A similar model was also
determined at LLNL (Dr. W. K. Waler, persanal communication) which has a thickness of about 4 km.
Our model predicts recorded seismograms and travel times of P waves within a second (Figure 10B),  This
crustal model was used to generate the surface waves recorded at NIL from the Indian explosion with its
source represented by the displacement potential (Figues 117,

Conclusions and Recommendations: We have presented resulis illustrating that accurate depths are
necessary for establishing around trufh locations of small magnitude earhouakes (M_=5). A review of
many studies demonstratcs that errars in depth primarily tade off with the origin times for large events
M, = 5.5) which yvield many teleseiszmic wravel time picks [or locations. %Yarations in the reference crustal
madel and errors in identification of depth phases result in mislocations of the small magnitode
earthquakes presented in various catalogs, Simultanecus inversion of regional crustal structure and ravel-
time picks of F and 5 waves of many earthquakes helps (o yield good quality lecations for earthquakes
located within some local network, The lecations and erustal strueture can be oplimized provided that
depths for the chosen carthquakes are known by some other independent means before they are used in
the analysis. Data collected from PASSCAL cxperiments of similar arrays can provide the necessary daia
to establish catalog of high-grade ground troth locations for carthguakes in various regions as we have
shoam in this report for the Tibet Platean.  Presently, there iz no PASSCAL data available from within
the Indian sub-continent. So we have calibrated crustal model using carthquakes which are large in
magnituds for which the ISC epicentral locations are likely e he adequate.  These models may sl suffer
from sorme minimal error in the travel times because of the ermor in depths. The depth we determined fro
the earthquake of May 21, 1997 15 only 1 km different than the 15C depth and =0 crror in the travel time
due to the depth emor 1= expected to be neglipible, The carthquake of Apnl 4, 1995 1z several km off the
ISC depth and it 5 possible that the travel ime of the P waves towards NIL i= off by about a secomd. Qur
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recommendation for future stedy in this arca is to archive teleseismic broadband and short-period areay
data from smaller sarthquakes (M, =3) and systemically analyze short-period data for the depth phases so
that they can be used in conjunction with establishing the ground truth locations.
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Table 1. GTLO lecations for 7 earthquakes in Tibetan Plateau
(satisly criteria of pIDC, Yang and Fomney, 1999

Date OTizec) | latimde | lopgitude | depth M, 1, AR AH km

TS A B h, km kin isc(hl-ly
1119991 | Ol04:18.0 31.54 352 100y ig 4.2 16.9 230
11/26/91 | 21:16:00.0 | 3410 9 22 100 43 4.2 39 2.0
12051 | 19:45:33.1 | 3218 04 57 100 4.0 432 208 47.0
OLjO892 | 17:41:309 | 3008 03,50 10D 33 30 211 14.0
D1f2392 | 10:26:25.8 | 3448 93,18 5.0 4.1 4.3 6.9 4.0
020392 | 15:44:22.6 | 3446 320 [y 4.3 4.5 57 0.0
O3/ 30002 | 1TH:29:477 32,60 9379 [Enay 3T ie 0537 13.0
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Figurz 1. Map showing the variation of the Pn velocltiies and Maho thicknoss

aver the entire Indian subconinent, including parts of Pakistan, Tibet, and
Bangladash.
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Figqure 2. Comparizon of depths determined by various mathods: sudface-waves
(Fatton, 1898), teleseizmic {slar) and broadband (triangle, Woods et al., 19298)
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Figure 4, Map of the Tibetan Plateau showing the locations of stations (triangles) deployed
during & PASSCAL experimant in 1991, Also shown are the relocated events (circles) and
loeations of seven GT10 events (squares),
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Modehng of Regional Seismograms at HYB
of May 21, 1997 Earthquake (OT: 22H51m28.1s)
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Figure & Comparison of data vs synthetic seismograms computad for the telesaismic
and regional focal mechsnism. A seismic moment of 5.88x 10%424 dyne-cm (Mw=5.1)
and depth of 35 km were used. Note the agreement in peak amplitudes,

Raw Data vs. WWSSN-SP Simulation
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Figure 9. The upper seismogram is the recorded broadband wavelform at KEV from the
April 4, 1995 earthquake (Mw 4.3) near Pokhran test site. The botlom waveform is a2 simu-

lation of raw data after convelving with 2 Wood-Anderson ssismogram.  No the depth
phase relative o P onset.
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Maodaling of April 4, 1995 Earthquake (Mw 4.3) near Pokharn
Test Site (OT: 16k29m52.45; Lat=28.148M Lon=71.60E, h=15km
Mo=3.5210722 dyne-cm)
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Figure 10. (a) Comparizon betwaen data and synthetic waveforms recorded at HYB station,
Focal mechanism was obfained using grid-search technigue using F-K green’s functions
computed at a depth of 15 km obtained by modeling depth phases shown in Figure 10, The
recorded seismograms arg shown by thick lines, () Modeling of data at MIL. Grustal
model was developed from HYEB modeal to produce dispersion observed in recorded data.
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Figure 11. Modeling of Indian nuclear explosion data using the crustal modal
slightly modified from HYB. The NIL model developed in Figure 11b produces
additional dispersion in the sudace waves, The top layer iz about 4 km thick, 3 km
shallower than the model developed for the path in Figure 11b. The source function
is represanted by a reduced displacement petential and modeling is valid for the
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